The anterior temporal lobe (ATL) is engaged in various types of semantic dimensions.
having sensitivity to different input modalities (Skipper, Ross, & Olson, 2011; Visser & Lambon Ralph, 2011) and different connectivity profiles (Binney, Parker, & Lambon Ralph, 2012; Jackson, Hoffman, Pobric, & Lambon Ralph, 2016) , the organizing principle of various semantic dimensions has been a central issue in understanding the mechanisms of semantic processing in this area. When studying these specific semantic dimensions, other semantically relevant dimensions tend not to be held constant. This practice raises the question of whether multiple semantic dimensions are localized in the same ATL region and are driven by the same mechanisms, or whether the ATL contains different clusters showing sensitivity to different semantic dimensions. Here, we focus on the social-related semantic dimension as a testing case for this general issue.
It has been shown that semantic judgment of social word pairs (e.g., words describing human characteristics, such as "honor-brave") elicits stronger activations than those not typically or distinctively in reference to humans (e.g., "trainable-ridden") in the superior ATL, along with other regions, such as the posterior temporal and inferior parietal regions (Binney, Hoffman, & Lambon Ralph, 2016; Lin et al., 2018; Zahn et al., 2007) . One dimension that may underlie at least some of the ATL preferences for the so-called social semantics is emotional valence, which tended to be confounded in previous studies. In one set of social/nonsocial words developed by Zahn and colleagues and repeatedly used in several studies (Binney et al., 2016; Ross & Olson, 2010; Zahn et al., 2007) , social words were associated with positive (e.g., "honor") or negative (e.g., "impolite") feelings, whereas valence information was not mentioned for nonsocial words.
The ATL social effect may not be affected by the polarity of valence, as it is found in both positive and negative concepts (Zahn et al., 2007) , but it is unknown whether it is actually driven by the presence of emotional valence.
The confound of emotional valence in the ATL social effect is problematic especially because independent evidence suggests the involvement of the ATL in valence processing of words (Crosson et al., 1999; Ethofer et al., 2006; Kuchinke et al., 2005) , but see Citron, Gray, Critchley, Weekes, & Ferstl, 2014; Hamann & Mao, 2002) . The potential dissociation of social and valence processing in the ATL is also supported by recent anatomical and functional connectivity studies that parcellated the temporal pole (TP, the anterior portion of the ATL) into subregions connecting with regions involved in social and emotional processing (Fan et al., 2014; Pascual et al., 2015) . One study reported that the left ATL responded to social/emotional, social, and object sentences in descending order (Mellem, Jasmin, Peng, & Martin, 2016) . However, the three conditions also varied by other confounding variables (e.g., social content and concreteness ratings between the social/emotional and other conditions; unmatched valence between the social and object conditions), rendering the results difficult to interpret.
In this study, we first examined the effects of sociality, valence, and their potential interactions in the ATL using a 2 (social/nonsocial) × 2 (valenced/neutral) factorial design in an fMRI experiment. Note that social knowledge has been very broadly defined, from the mere presence of persons (Mellem et al., 2016; Norris, Chen, Zhu, Small, & Cacioppo, 2004) , to the biographical information of specific persons (Simmons et al., 2010; Wang et al., 2017) , and to socially interactive behaviors or properties (Zahn et al., 2007) .
Here, we focused on a specific type of "social" words, that is, those whose referents are meaningful in the context of interpersonal interactions (Binder et al., 2016; Lin, Bi, Zhao, Luo, & Li, 2015) , to explicitly address the aspect of social interactions and to avoid the further confounding of additional semantic dimensions across conditions. We then tested the relationship between these dimensions and the welldocumented abstractness preference in the ATL (Binder, Desai, Graves, & Conant, 2009; Wang et al., 2010) , given the discussion about whether the abstractness preference is in fact driven by sociality and/or valence (Kousta, Vigliocco, Vinson, Andrews, & Del Campo, 2011; Zahn et al., 2007) . Both the left and right ATL were of interest in this study, given the previous evidence of bilateral ATL involvement in social and emotional processing (Olson, McCoy, Klobusicky, & Ross, 2013; Pobric, Ralph, & Zahn, 2016; Rice, Ralph, & Hoffman, 2015) .
Whole-brain analyses, as well as resting-state functional connectivity analyses seeding from the ATL clusters with potential different functionalities, were further carried out to better understand the extent to which these clusters were indeed associated with the brain networks for the corresponding functionality (Lambon Ralph et al., 2017; Passingham, Stephan, & Kötter, 2002; Simmons et al., 2010) . A relatively high spatial resolution (2 mm 3 ) multi-band fMRI sequence was used to better reveal the potential fine-scale effects.
| MATERIALS AND METHODS

| Participants
Twenty-three healthy college students (11 males; mean age 22.17 years, ranging from 19 to 29 years) participated in the fMRI experiment. The students were all right-handed, native Chinese speakers, and had normal or corrected-to-normal vision. The study was approved by the Human Subject Review Committee at Peking University, and all participants provided informed consent. One subject was excluded from data analysis because of a possible arachnoidal cyst in the right frontal lobe.
| Experimental design
We adopted a 2 × 2 factorial design with four concreteness-matched conditions of relatively abstract words: Social valenced (S+V+, e.g., "honor"), social neutral (S+V−, e.g., "duty"), nonsocial valenced (S−V+, e.g., "miracle"), and nonsocial neutral (S−V−, e.g., "content").
We included an additional condition of concrete object words (e.g., "spoon") to test the relationship between sociality/valence and general abstractness effects. For stimulus selection, we collected ratings of 633 two-character Chinese nouns on the following three properties: Sociality (how often the meaning of a noun involves an interaction between people (Binder et al., 2016; Lin et al., 2015) , 1 = never, 7 = always), valence (1 = negative, 4 = neutral, 7 = positive), and concreteness (1 = very abstract; 7 = very concrete). We recruited 26, 33, and 31 college students for the above ratings, respectively, and computed the mean ratings for each word. Triplets were then generated with words from the same conditions, each consisting of one probe word and two choice words with one semantically related with the probe (target) and the other semantically unrelated (distractor).
The final stimulus set included 100 triplets, 20 triplets per condition. Triplet examples, ratings, and word frequency are provided in Table 1 . The three words in each triplet were always from the same semantic condition except for some choice words (≤4). Some probe or target words were repeated as distractor words in other triplets. The numbers of words repeated were comparable among conditions (S+V + = 8, S+V− = 10, S−V+ = 7, S−V− = 6, Object = 8). A full list of the stimuli can be found in the Appendix.
Sociality ratings were matched for the two social and the two nonsocial conditions (Bonferroni-corrected ps = 1, post hoc Bonferroni tests following one-way analysis of variance [ANOVA] , same below), with the social conditions being significantly more social than the nonsocial conditions (ps < .001). Under valenced conditions, half of the triplets were positive (valence ratings ≥5), and the other half of the triplets negative (valence ratings ≤3). Valence ratings were matched between the two neutral conditions and between positive words and between negative words in the two valenced conditions (independent-samples t tests, ps ≥ .12). The four abstract conditions were matched on concreteness (ps = 1) and were significantly more abstract and more social than object words (ps < .001), which were similarly neutral with the two abstract neutral conditions (ps = 1). All conditions were matched on the number of strokes (ps ≥ .326).
We also collected subjective ratings from 27 college students on word familiarity (1 = unfamiliar; 7 = very familiar), in which all words were highly familiar (familiarity ≥5), with the four abstract conditions matched on familiarity (although S−V+ words tended to be less familiar than S−V− words, p = .051; for other pairs, ps ≥ .396) and significantly less familiar than object words (ps ≤ .028). We primarily matched abstract conditions on subjective familiarity ratings because familiarity has been found to reliably affect visual word recognition (Connine, Mullennix, Shernoff, & Yelen, 1990; Gernsbacher, 1984) and low-frequency words are particularly subject to sampling bias (Gernsbacher, 1984) . More than one third (115) of our words were of low frequency (occurring less than 10 times per million), including 20 words (2 S+V+ words, 2 S−V+ words, 16 object words) not included in the existing Chinese corpus (Sun, Huang, Sun, Li, & Xing, 1997) . We nonetheless compared the log frequency across conditions, assigning the log frequency (per million) of words not included in the corpus as 0. Social and nonsocial words were matched on frequency (ps = 1) in the two valenced conditions and two neutral conditions.
The valenced words were significantly less frequent than neutral words (ps < .001). Abstract words had a significantly higher frequency than object words (ps < .001). The potential effects of word frequency on fMRI effects were further controlled for in a validation analysis that included frequency as a nuisance covariate (see below).
For all of the abovementioned stimulus characteristics, similarities and differences between conditions remained largely the same at the T A B L E 1 Example stimuli, rating scores, and behavioral data in the scanner for each condition triplet level (i.e., values were averaged for the three words in a triplet).
Finally, to rule out the potential differences in task difficulty among conditions, we recruited 19 college students in a pilot behavioral experiment and ensured that the five conditions were judged with comparable accuracy and reaction time (RT; ps ≥ .679).
| fMRI procedure
Task fMRI data were collected in a block-design paradigm in two runs.
Each trial started with a 500 ms fixation cross, followed by a word triplet presented for 3,500 ms, with a probe word (e.g., "honor") displayed at the top, and two choice words (arranged horizontally) at the bottom (e.g., "fame" and "friendship"). Words were presented in black One subject's behavioral data were excluded from the analysis because 31% of her responses were not recorded. Her neuroimaging data were included in the analysis because her accuracies were high for the trials to which she responded (94.2 and 98.6% for the two runs), suggesting a high level of vigilance.
Additionally, all subjects participated in an emotional localizer run (Barch et al., 2013; Hariri, Tessitore, Mattay, Fera, & Weinberger, 2002) to functionally localize emotion-related voxels in the amygdala for resting-state functional connectivity analyses (see below; note that the results were similar when the amygdala was defined anatomically).
The task consisted of two conditions, namely, geometric shapes and emotional faces, and the subjects decided which of two shapes/faces presented at the bottom was identical to the shape/face presented at the top. The faces had either positive (happy) or negative (angry, fearful, sad, or disgust) expressions, which were selected from the Chinese affective picture system (Bai, Ma, & Huang, 2005) . Shapes, positive faces, and negative faces were presented in blocks (20 s) of five trials (3,000 ms; interstimulus interval = 1,000 ms). There were eight face blocks alternated with eight shape blocks in the run (5 min 40 s).
| fMRI data acquisition
MRI data were collected on a 3 T MAGNETOM Prisma MR scanner 
| fMRI data preprocessing
The images were preprocessed using SPM12 (Wellcome Trust Center 
| fMRI data analysis
One-sample t-test was used for the second-level analysis of the beta-weight images of the S−V− > Object.
To control for the potential influence of word frequency, we constructed a regressor containing the frequency per trial (i.e., frequency values were averaged across the three words), convolved it with the canonical HRF, and then included the frequency regressor in the original GLM as a nuisance covariate. The temporal pole, the anterior superior temporal gyrus, the anterior middle temporal gyrus, the anterior inferior temporal gyrus, the anterior temporal fusiform cortex, and the anterior parahippocampal gyrus. The mask contained 9,706 voxels in total.
| ATL definition
Given the magnetic susceptibility artifact in the ATL, we calculated the temporal signal-to-noise ratio (tSNR) maps for each subject by dividing the mean of smoothed time series in each voxel by its standard deviation in each run and averaging the tSNR across all runs (Murphy, Bodurka, & Bandettini, 2007) . Figure S1 shows the mean tSNR map across all of the subjects. In the ATL, the tSNR values were comparable with previous studies (Hoffman, Binney, & Lambon Ralph, 2015; Simmons et al., 2010) and indicated acceptable coverage.
| Statistical analysis
The behavioral data (RT and accuracy) in the scanner were compared among the four abstract conditions (S+V+, S+V−, S−V+, and S−V−) using repeated-measures ANOVA with sociality and valence as the within-subject factors. The comparisons between the object and abstract conditions were carried out using paired t tests, followed by
Bonferroni correction.
For neuroimaging data, activation maps were thresholded at voxelwise p < .001, FWE-corrected cluster-level p < .05 (based on cluster size), in the ATL mask or in the whole-brain volume. Note that Table 2 also reports nonsignificant regions thresholded at voxelwise p < .001, cluster size ≥10 voxels, following previous studies on social and valence effects in words (Crosson et al., 1999; Kuchinke et al., 2005; Zahn et al., 2007) .
For regions surviving the cluster-level correction, to further visualize their activation profiles to different word conditions and to understand the relative specificity to the target contrast, we extracted the beta (Xia & He, 2013) . No significant activations were observed in the right ATL after the cluster-level correction and the results at the threshold of voxelwise p < .001, cluster size ≥10 voxels were presented in Figure S2 [Color figure can be viewed at wileyonlinelibrary.com]
values of each condition versus the baseline from a spherical region of interest (ROI, radius = 6 mm, centering on the peak voxel of the cluster, 123 voxels) in individual subjects. We then performed repeatedmeasures ANOVA on these beta values, with sociality and valence as the within-subject factors. We did not report the contrast used to localize the cluster to avoid circularity (Poldrack, 2007) .
T A B L E 2 Activations within and outside the anterior temporal lobes (voxelwise p < .001, cluster size ≥10 voxels) (Yang et al., 2017) . Briefly, participants were asked to stay awake and to rest with their eyes closed during the restingstate scan (lasting 6 min 40 s). The preprocessing steps included the removal of the first 10 volumes, slice timing, motion correction, spatial normalization into the MNI space using unified segmentation (resampling voxel size was 3 × 3 × 3 mm), linear trend removal, bandpass filtering (0.01-0.1 Hz), spatial smoothing (6 mm FWHM Gaussian kernel) and regression of nuisance variables (including six rigid head motion parameters, the global signal, the white matter signal, and the cerebrospinal fluid signal).
Seed-based functional connectivity maps were calculated with the Resting-State fMRI Data Analysis Toolkit (Song et al., 2011 , http:// www.restfmri.net). Seed ROIs were obtained by creating spheres (radius: 6 mm, 33 voxels) around the peak voxel identified in the task neuroimaging analysis. For each subject, a whole-brain functional connectivity map for a given ROI was generated by correlating the mean time series of the seed ROI with the time series of every other voxel in the brain. The resulting r-maps were Fisher-z transformed and averaged across subjects to produce a group-level functional connectivity map, which was transformed back to an r-map and thresholded at 0.25 to illustrate the strong positive connections (Buckner et al., 2009; Liang, Zou, He, & Yang, 2013; Yeo et al., 2011) . Considering the ongoing debate on the global signal regression in the RSFC computation (Murphy & Fox, 2017) , we repeated our analyses without global signal regression and found similar RSFC patterns ( Figure S4A ). To identify the seed-specific functional connectivity patterns, we also 3 | RESULTS
| Behavioral results
In the scanner, participants were presented with blocks of word triplets belonging to the four relatively abstract word conditions (2 (social/nonsocial) × 2 (valenced/neutral)) and one object name condition. They performed a semantic judgment task, that is, to decide which of the two choice words was more semantically related to a probe word. As shown in Table 1 We further examined the sociality effect in only neutral words to rule out the potential valence influence. The S+V− versus S−V− contrast revealed one significant cluster in the left aSTS (peak t = 4.42;
peak xyz: −58, −6, −2; 168 voxels), with 140 voxels overlapping with the aSTS cluster identified above, which indicates that the social effect here did not result from the presence of valence information.
Main effect of valence
At a lenient threshold (voxelwise p < .001, cluster size ≥10 voxels), a small cluster in the left superior TP (peak xyz: −44, 8, −20; 22 voxels; Figure 1a , green cluster; Table 2 ) was found to show greater activations for valenced words than neutral words. This cluster, however,
was not large enough to survive the cluster-level correction. This region showed no significant main effect of sociality or the sociality × valence interaction (Fs [1, 21] ≤ 2.420, ps ≥ .135; Figure 1c ). The main effect of valence was also found in a small cluster of the right TP ( Figure S2A and C, Table 2 ), which could not survive the cluster-level correction and showed no main effect of sociality or a sociality × valence interaction (ps > .725). These TP activations were adjacent to the ATL areas involved in word valence processing in previous studies adopting similar statistical thresholds (Ethofer et al., 2006; Kuchinke et al., 2005) .
When restricting the valence effect to nonsocial words (i.e., S−V+ vs. S−V−), we found only one cluster in the left ATL with the same peak coordinates (peak t = 4.56; 25 voxels) as above, which indicates that the valence effect here was dissociable from sociality.
Sociality × valence interaction
No regions were found to be significant for this interaction in both directions in the ATL even at a lenient threshold of voxelwise p < .001, cluster size ≥10 voxels.
Individual subject analysis
Our results thus far indicated the dissociation between social and valence effects in the ATL at the group level without significant interaction; while the main effect of sociality activated the left aSTS, the main effect of valence activated small clusters in the bilateral TPs. To test whether the dissociation was reliable at the individual level, we localized these effects in each subject (at the threshold of voxelwise p < .01, cluster size ≥10 voxels) and examined the overlap (i.e., conjunction) among sociality, valence, and interaction effects.
In the left ATL, the main effect of sociality was observed in 18 subjects and the main effect of valence was observed in 11 subjects. The two effects overlapped in only one subject (10 out of 33 social voxels) and were also dissociated in spatial locations ( Figure 1a , right panel).
For the eight subjects with both effects in the left ATL, their social peaks (mean xyz (± standard deviations, SD): −57 (± 13), −5 (± 5), −16 (± 11)) were significantly more posterior and dorsal to their valence peaks (mean xyz (± SD): −50 (± 6), 8 (± 11), −31 (± 5); y-axis: paired t 7 = 3.127, p = .017; z-axis: paired t 7 = 3.449, p = .011). A sociality ×
valence interaction ([(S+V+) -(S−V+)] > [(S+V−) -(S−V−)]) was
observed in five subjects, and the interaction in the opposite direction was observed in 10 subjects. Importantly, in subjects showing both interactions and main effects, the interactions did not affect the interpretations of the main effects, as the overlap of these effects were observed in only one to two subjects out of 22 subjects.
In the right ATL, activation was observed in 9 subjects for the main effect of sociality, in 13 subjects for the main effect of valence, and in 11 subjects for the interaction. As shown in Figure S2B , these individual peaks were scattered throughout the right ATL, which is consistent with the nonsignificant group-level effects. A spatial overlap between the two main effects (sociality and valence) was found in only one subject (47 out of 53 social voxels), and an overlap between main effects and interactions was found in only two subjects.
Taken together, these individual results confirmed the dissociation of sociality from valence effects in the left ATL and the nonsignificant group-level effects in the right ATL.
Effects outside the ATL
We performed exploratory whole-brain analyses for sociality, valence, and their interactions (Table 2 ) and here reported regions surviving the cluster-level correction. In addition to the left aSTS, the main effect of sociality was also found in a cluster including the angular gyrus, the posterior middle temporal gyrus, and the middle occipital 
| The effects of abstractness in semantic processing in the ATL
We further examined the relationship between the social/valence effects and the general abstractness preference in the ATL. Abstract words consistently evoked a higher activation than concrete words in the left superior ATL (Binder et al., 2009; Wang et al., 2010) . However, previous studies showing the abstractness effect might have included social words and/or words with emotional valence (Kousta et al., 2011; Skipper et al., 2011; Zahn et al., 2007) . Here, we first localized the ATL subregion that showed a general abstractness preference and then examined its response profile to the four abstract conditions.
Social and valence effects in the "abstractness ATL subregion"
We localized regions that showed abstractness effects using the S−V− versus Object contrast, which was chosen to rule out the potential confounding effects of sociality and valence. In the ATL, this contrast produced significant activation in the left superior TP and anterior superior temporal gyrus (peak xyz: −50, 16, −12; Figure 1a , blue cluster, and Table 2 ). This region also showed stronger activations to other abstract conditions relative to objects (Figure 1d , paired ts ≥ 7.357, ps ≤ 3.0 × 10
−7
). An omnibus F test revealed no significant difference among the four abstract conditions (F [3, 63] = 2.150, p = .103).
Abstractness was found in a small cluster in the right TP, but it did not survive the cluster-level correction (Figure S2A and D; peak t = 4.19; peak xyz: 50, 16, −18; 18 voxels).
Individual subject analysis
We verified the dissociation of abstractness, sociality, and valence at the individual level. In the left ATL, abstractness was localized (voxelwise p < .01, cluster size ≥10 voxels) in 15 subjects. For the 13 subjects with both abstractness and social effects in the left ATL ( Figure 1a , right panel), the abstractness peaks (mean xyz (± SD): −57
(± 3), 7 (± 10), −11 (± 3)) were significantly more anterior and dorsal to the social peaks (mean xyz (± SD): −56 (± 11), −4 (± 8), −18 (± 9); yaxis: paired t 12 = 3.680, p = .003; z-axis: paired t 12 = 2.405, p = .033).
For the seven subjects with both abstractness and valence effects in the left ATL, the abstractness peaks (mean xyz (± SD): −56 (± 4), 3 (± 11), −13 (± 12)) were more lateral and dorsal than the valence peaks (mean xyz: −45 (± 9), 4 (± 11), −31 (± 5); x-axis: paired t 6 = 3.916, p = .008; z-axis: paired t 6 = 3.098, p = .021). Conjunction analyses showed that abstractness and social effects overlapped in four subjects and that abstractness and valence did not overlap in individual subjects, consistent with their dissociation at the group level. In the right ATL, 13 subjects exhibited abstractness effects with their peaks scattered throughout the superior ATL ( Figure S2B ), consistent with the nonsignificant effect at the group level.
Abstractness outside the ATL
Whole-brain analysis ( Figure 2c and Table 2 ) of the S−V− versus Object contrast showed that the left superior ATL cluster was a subpeak of a larger cluster with peak coordinates in the left inferior frontal gyrus. Significant activations were also observed in the left posterior middle temporal gyrus, the left precentral gyrus extending to the middle frontal gyrus, the right insula, and the right cerebellum. Figure S3A and Table S1 ), but not in the ATL, even at a lenient threshold of voxelwise p < .001, cluster size ≥10 voxels.
|
The results of sociality, sociality × valence interaction, and abstractness were similar to the main analyses ( Figure S3B -E and Table S1 ).
The main effects of valence, which may be particularly subject to frequency effects, were found in three small clusters in the left ATL in this analysis, with two clusters similar to the clusters reported in the main analyses and the third cluster (peak x y z: −46, 8, −30, 54 voxels) similar to those previously reported in the literature (Ethofer et al., 2006; Kuchinke et al., 2005) .
| Resting-state functional connectivity patterns of distinct ATL subregions
To test whether the different ATL clusters that showed sociality, valence, and abstractness are associated with different brain networks of the corresponding functions, we examined their resting-state functional connectivity (RSFC) patterns in 144 young healthy subjects.
The regions showing the strong positive connections with the ATL clusters are displayed in Figure 3a and Table S2 (group-averaged The RSFC maps in Figure S4 show connectivity patterns thresholded at the conventional threshold in the RSFC analysis (voxelwise FWE-corrected p < .05, cluster size >10 voxels). While the social and abstractness clusters showed similar connectivity patterns (with greater spatial extents), the valence cluster connected with many other regions, including some regions in the aSTS-network (with smaller spatial extents than regions connected with the social ROI) and the bilateral amygdala ( Figure S4B ). Interestingly, for regionspecific connections ( Figure S4C ), the connections of the social ROI with the aSTS-network regions persisted, as did the connections of the valence ROI with the bilateral amygdala, which is indicative of the respective connections of the two regions with different networks.
To further understand the relationship between the ATL and the regions involved in general emotional processing, we specifically tested the RSFC of the three ATL subregions with the emotionsensitive regions in the bilateral amygdala defined by an independent nonverbal emotional localizer. In agreement with previous reports (Barch et al., 2013; Hariri et al., 2002) , our functional emotional localizer, contrasting emotional faces with geometric shapes, elicited robust activations ( Figure S5A ) of the bilateral amygdala (left amygdala, peak t = 10.02, peak xyz: −22, −6, −16, 65 voxels; right amygdala, peak t = 11.49, peak xyz: 20, 0, −16, 143 voxels; voxelwise FWE-corrected p < .05) and the ventral temporal cortex, which are likely due to visual perceptual processing of faces given that the localizer did not control for basic face processing. Comparison of the RSFC between the bilateral amygdala clusters and the three ATL subregions showed that the (verbal) valence ATL cluster, compared with the social and abstractness clusters, was more strongly connected with the bilateral amygdala regions (paired t 143 > 4.060, ps < .001, Figure S5B ). These results were similar when the amygdala was defined anatomically.
| DISCUSSION
The ATL is a crowded brain area for semantic processing, involved in multiple types of semantic information, which need to be carefully disentangled. Considering the confound of emotional valence in previous studies of social words in the ATL, in this study, we orthogonally manipulated these dimensions in a 2 × 2 factorial design to examine
Resting-state functional connectivity maps of the ATL subregions for sociality, valence, and abstractness. the influence of sociality and emotional valence on the ATL activity in semantic processing of abstract words at the 2 mm 3 fMRI resolution scale. We found that the left ATL processed sociality and emotional valence in different locations and without significant interactions.
Social words evoked stronger activations in the left aSTS compared with nonsocial words, with high consistency across individuals. The valence effects were much less clear, tending to activate a small cluster in the superior portion of the left TP at the group level, with large individual variations. These two regions are functionally and anatomically distinct from a more general "abstractness" ATL cluster, which was not modulated by the social or valence contents of the abstract words. These three ATL subregions, although anatomically close to each other, were intrinsically connected with different functional networks. Below, we discuss these regions/dimensions in turn.
| Sociality effects in the left anterior superior temporal sulcus
The left aSTS showed stronger activations to social words than to nonsocial words, regardless of whether the words were valenced ("honor" > "miracle") or neutral ("duty" > "reason"). The social effect cannot be attributed to emotional valence, concreteness, familiarity, word frequency, or task difficulty, which were carefully matched between social and nonsocial conditions. As described in the Introduction, "sociality" has been operationalized in different ways in the literature and roughly falls into two aspects: Person-related (with or without referents about interactions with other persons), or interpersonal interactions (without reference to specific persons). We explicitly chose items entailing the latter to be more in line with the conventional understanding of "social". The majority of the 120 social words in our experiment were social products, rules, or properties that emerged from interpersonal interactions (e.g., "honor" or "duty"), and the observed social effects likely reflected general social knowledge pertaining to interactions among animate entities. Only four words in our stimuli referred to social groups (3 S+V+ words: talents, tyrant, and gangster; 1 S+V− word: civilians). Thus, the social effects in our blocked design are unlikely to be driven by social group effects as previously reported (Contreras, Banaji, & Mitchell, 2012) .
What is the relationship between the social semantics preferred by the left aSTS found here and those involved in social interactions? Several recent studies have examined the neural correlates of real-life social interactions (e.g., Eisenberger, Inagaki, Muscatell, Haltom, & Leary, 2011; Hughes & Beer, 2013; Schindler, Kruse, Stark, & Kissler, 2019) , contrasting the same words in different social contexts (perspective taking; i.e., subtracting out the words' general semantic activation), and reported widespread activations in regions such as the medial prefrontal or anterior cingulate cortex depending on the specific contrast of interest, but not the left aSTS. Our experiments here, being interested in the representation of social information in general word semantics, contrasted different words (with or without social knowledge) in neutral contexts. Therefore, the brain regions activated in our study and in social processing studies could be different due to different experimental tasks and contrasts. The left aSTS found here has not been reported in experiments using nonverbal person-related stimuli (e.g., human voices, faces, or biological motion; Deen, Koldewyn, Kanwisher, & Saxe, 2015) or cartoons depicting social interactions (Centelles, Assaiante, Nazarian, Anton, & Schmitz, 2011; Isik, Koldewyn, Beeler, & Kanwisher, 2017 ; but see Ross & Olson, 2010) , either, and seems to be located posteriorly to the TP area that stores personrelated semantic knowledge (Ross & Olson, 2012; Simmons et al., 2010; Wang et al., 2017; Wang, Peelen, Han, Caramazza, & Bi, 2016) .
On the other hand, the regions intrinsically connected with the left aSTS anatomically overlap with the default mode network (Yeo et al., 2011) , which has been associated with a range of cognitive tasks that are related to loosely defined social processing: Autobiographical memory retrieval, prospection, theory of mind (Spreng, Mar, & Kim, 2008) , social interaction perception (Centelles et al., 2011; Iacoboni et al., 2004) , and human-specific interaction (Schindler et al., 2019) . Taken together, it is possible that this aSTS region processes social semantics that are abstracted away from perceptual aspects (e.g., the human form or motion) of interpersonal interactions, but are tightly related to regions preferentially responding to social interaction, together forming a network for social processing. Indeed, clinical case studies have documented both dissociations (Feinstein, Adolphs, Damasio, & Tranel, 2011) and associations (Zahn et al., 2009) Rankin, Kramer, Mychack, & Miller, 2003) . Such results might not be driven by semantic impairments. Zahn and colleagues explicitly examined social word processing in FTD patients and found that at the group level patients with right ATL hypometablism were more impaired on social words than on animal function (nonsocial) words (Zahn et al., 2009) . Close scrutiny of individual cases, however, shows that right ATL hypometabolism is not necessary or sufficient to cause social word selective impairment. In the neuroimaging studies, the activation of the right ATL to social semantics was not shown in some studies (the current study, Ross & Olson (2010) , and the social vs. animal function word contrast in Binney et al. (2016) , but see Zahn et al. (2007) and the social vs. matched abstract word contrast in Binney et al. (2016) ), and what drives such a discrepancy remains to be resolved. Note that transcranial magnetic stimulation (TMS) to both the left and right ATL in healthy subjects significantly impaired social word processing , and it is not clear whether both are necessary or the results are driven by the intrinsic functional connectivity between the bilateral ATLs. That is, while the left ATL is consistently implicated in processing social-and emotional-word meanings across neuroimaging and TMS studies, the effects of the right ATL are much less robust.
| Valence effects in the temporal poles
Unlike the robust, consistent effects for social semantics, an emotional valence effect was found in small clusters in the superior portion of the bilateral TPs, which did not survive the cluster-level correction at the group level and showed large individual variations anatomically. The neural correlates of emotional valence effects have been extensively studied using nonverbal stimuli (e.g., emotional faces), which revealed consistent involvement of the frontolimbic regions, such as the amygdala, but inconsistent lateralization depending on specific brain regions or tasks (Duerden, Arsalidou, Lee, & Taylor, 2013; Lindquist, Satpute, Wager, Weber, & Barrett, 2016; Sergerie, Chochol, & Armony, 2008; Wager, Phan, Liberzon, & Taylor, 2003 ; also see our functional localizer results). In comparison, emotional valence effects using words showed less consistent and much weaker effects (Citron, 2012) , with some studies reporting weak (not passing stringent whole-brain correction thresholds) activations in the left or bilateral TP with peak coordinates similar to findings (Ethofer et al., 2006; Kuchinke et al., 2005) . 
| Abstractness in the left superior ATL
Abstractness in the left superior ATL has been consistently reported in the literature (Binder et al., 2009; Wang et al., 2010) . Abstract words differ from concrete words in a wide range of dimensions, including various types of semantic (e.g., higher loadings on social and emotional contents, lack of sensory referents) and linguistic features (e.g., heavier reliance on linguistic information; Barsalou & WiemerHastings, 2005; Binder et al., 2016; Kousta et al., 2011; Paivio, 2013; Recchia & Jones, 2012; Wang et al., 2018) . Researchers observing social effects in the ATL have speculated that the abstractness in the left ATL may be driven by the use of social words as abstract stimuli (Skipper et al., 2011; Zahn et al., 2007) , that is, reflecting a social effect rather than an abstractness effect. Our results show that neither of these semantic dimensions fully explain the abstractness effect in the ATL. We observed a cluster in the superior ATL that preferred abstract words, even when they do not entail social or emotional contents (S−V− words, for example, "reason"). This cluster is spatially different from the social and valence ATL clusters and is not modulated by the social or emotional salience of abstract words. Although in our study the object words tended to be judged faster than the S−V− words, the behavioral difference is less likely to fully account for the abstractness effect we observed, as the abstractness effect in the area has been found to persist when reaction time was controlled for (Binder, Westbury, McKiernan, Possing, & Medler, 2005) . Of course, the other types of semantic dimensions in which abstract and concrete words differ (e.g., the lack of sensory referents) could still be the origin of the effects (Striem-Amit et al., 2018) .
One tempting explanation for the abstractness effect in this area is that it is related to language (Paivio, 2013; Striem-Amit et al., 2018; Wang et al., 2010) . This area is frequently involved in language comprehension tasks (Fedorenko et al., 2010; Mellem et al., 2016) . found to involve in language processes for its crucial role in sequence processing (Cona & Semenza, 2017; Hertrich, Dietrich, & Ackermann, 2016) . As language is a highly complex construct with multiple components and processes (e.g., phonological, lexical, and syntactic ones), with these regions having multiple cognitive functions (both linguistic and nonlinguistic), the exact representations underlying the observed abstractness effect remain to be articulated and tested.
| CONCLUSION
To summarize, our results and those in the literature converge to
show that the ATL is a crowded brain area with fine-grained substructures that process different dimensions of semantic knowledge. In addition to the three dimensions shown here, previous studies also reported the involvement of the ATL in artifacts (Bi et al., 2011) , unique entities (Ross & Olson, 2012; Wang et al., 2016) , concrete words in general Striem-Amit et al., 2018) , and object perceptibility (Striem-Amit et al., 2018 ; for a review, see
Lambon Ralph et al., 2017) . These dimensions also tend to be associated with different large-scale brain networks, as shown here and previously (Jackson et al., 2016) . The clustering of these different semantic dimensions may make the ATL one of the ideal regions to represent a multidimensional semantic space in a population-coding fashion by pooling multiple semantic and linguistic dimensions (Xu et al., 2017) . Future studies should try to understand the relationships between the neuronal structures of these distinct ATL subregions and their corresponding semantic dimensions, as well as the regions outside the ATL for a given semantic dimension.
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